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Effects of plasma gas composition on bond strength of
hydroxyapatite/titanium composite coatings

prepared by rf-plasma spraying
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Abstract

The effects of plasma gas composition on the bond-strength of HA/Ti composite coatings were investigated. HA/Ti composite coatings were
deposited on titanium substrates by a radio-frequency (rf) thermal plasma spraying method with input powers of 10–30 kW. The ratio of the
HA and Ti powders supplied into the plasma was precisely controlled by two microfeeders so as to change the coating’s composition from
Ti-rich at the bottom to HA-rich at its upper layer. The bond (tensile) strength of the obtained HA/Ti composite coatings was 40–65 MPa when
sprayed with plasma gas containing N(i.e., Ar–N ). On the other hand, HA/Ti composite coatings prepared with plasma gas containing O
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i.e., Ar–O2) had significantly lower bond strength (under 30 MPa). XRD patterns of Ti coatings without HA showed that titanium nit
itanium dioxide formed, respectively, on titanium deposits sprayed with Ar–N2 and Ar–O2 plasma. Scanning electron microscopic (SE
bservation showed an acicular texture on the Ti deposits prepared with Ar–N2 plasma. SEM observations implied that, when sprayed
r–O2 plasma, a thin TiO2 layer formed at the interfaces between the Ti splats in the deposits.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Plasma-sprayed hydroxyapatite (Ca10[PO4]6[OH]2; HA)
oatings on titanium alloy implants have been used for
edical applications to promote the osteoconductivity of

mplanted materials.1–3 For practical medical applications,
uch as orthopedic implants, HA coatings with excellent
ubstrate adhesion have been strongly demanded to provide
ong-time fixation.3 It is also particularly important for bio-

aterial applications that such HA coatings should not be
ontaminated by toxic materials. The radio-frequency (rf)-
hermal plasma spraying (TPS) method has an advantage over
he direct current (dc)-TPS method since the contamination of
A coatings by toxic materials, such as copper and tungsten
ompounds used for electrodes, can be avoided.4 However,
ue to the large difference in physical properties, including

hermal expansion coefficients, specific heat and elastic mod-
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ulus, between the ceramic coating and the metal subs
residual stress arises at the ceramic/metal interface, a
been reported in the case of DC-TPS.5,6 This residual stres
often causes cracks and reduces the bond strength of ce
coatings. For this reason, the bond strength of plasma-sp
HA coatings on Ti-6Al-4V alloy significantly decreases w
increasing coating thickness.7

Recently, we have developed a gradual composite
ing method employing rf-TPS that provides strong ad
sion between HA coatings and titanium (Ti) substrate8,9

Moreover, we have reported that the in situ nitriding
Ti particles by reactive-plasma spraying (RPS), a varia
of plasma spraying, improves the bond strength of HA
composite coatings.10,11During RPS, plasma-enhanced re
tions between Ti particles and the reactive gaseous sp
present in the plasma flame produce various in situ sy
sized phases on the surface of the Ti particles. There
the effects of the processing parameters on the bond str
of HA/Ti composite coatings prepared by the RPS me
may differ from those on pure HA coatings. In this study,
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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effects of plasma-enhanced reactions between the Ti powder
and the plasma gas on the adhesiveness of deposited HA/Ti
composite coatings are discussed in terms of the microstruc-
ture and phases formed on the coatings. In particular, the
influence of in-flight reactions of the Ti particles in plasma
flame containing either nitrogen or oxygen were investi-
gated.

2. Methods

A thermal plasma was generated at a frequency of 4 MHz
and at an input power of 10–27 kW. Our rf-RPS processing
parameters are summarized inTable 1. In the present study,
we used plasma gas compositions containing Ar and either
1–6% O2 or 1–6% N2. The plasmas generated using these
gas compositions shall be referred to hereafter as Ar–O2 and
Ar–N2 plasma, respectively. We employed an rf-RPS appa-
ratus with a 4 MHz-35 kW power source (Nihon Koshuha
Co., Ltd., Japan) and two powder feeders (AM-30-3L, Tech-
noserve Co., Ltd., Japan). Our technique for preparing the
HA/Ti composite coatings is based on precise control of
the starting material’s composition using two microfeeders
which make it possible to feed the HA and Ti powders
at an accurate rate.8,9 The starting material’s composition
was regulated so as to change the composition of the coat-
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without HA powder were also prepared using various com-
positions of plasma gas to study reactions between the plasma
gas and the Ti powder. The obtained HA/Ti composite and Ti
coatings were evaluated by X-ray diffraction (XRD) (MPX,3

MAC Science, Japan). The coated samples were sectioned
with a diamond cut-off wheel, mounted in resin, polished
with 1/4�m diamond paste as a final polishing step, and then
chemically etched by 3% HF solution. The sample cross-
sections thus prepared were observed by scanning electron
microscope (SEM) (S3000N, Hitachi).

3. Results

Fig. 1 shows the bond strength of the HA/Ti compos-
ite coatings. When sprayed using Ar–N2 plasma, the bond
strength values for the HA/Ti composite coatings were
40 MPa or more. The bond strength showed a tendency to
increase with the RF input power. The average bond strength
for the HA/Ti composite coatings sprayed with Ar–N2 was
65.5 MPa. However, the HA/Ti composite coatings prepared
with Ar–O2 plasma had significantly lower bond strength
(under 30 MPa), regardless of the fact that the other process-
ing parameters, such as RF input, substrate temperature and
working distance, were almost the same.

Fig. 2 shows a typical SEM image and EDX mappings
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ng gradually from Ti-rich at the bottom to HA-rich at t
op. HA powder (average particle size = 80�m, Pentax) an
i powder (average particle size = 68± 15�m, 99.9%, Rar
etallic Co., Ltd., Japan) were used as raw materials. C
ercial Ti plates (0.8 mm thick, ASTMB348-GR2) we
olished with #400 SiC abrasive paper, washed ultra
ally in acetone and ethyl alcohol, and then dried in air be
praying. The average thickness and surface roughnesRa)
f the obtained HA/Ti composite coatings were meas
y profilometer (SV-600, Mitsutoyo, Japan) and confo
canning laser microscope (OLS3000, Olympus). The
ngs’ bond strength was measured by an autograph-te

achine (AG-500A, Shimadzu, Japan). For this meas
ent, iron rods 8 mm in diameter were bonded to both

oated and uncoated sides of each sample with epoxy
SW 2214, 3 M). A tensile stress was applied to the c
ng layer at a crosshead speed of 0.5 mm/min. Ti coa

able 1
xperimental conditions

lasma power (kW) 10–27
lasma frequency (MHz) 4
lasma gas Argon + 1–6% oxygen

argon + 1–6% nitrogen
low rate of plasma gas (L/min) 50
ressure (Pa) 6.7× 104

eed rate of HA powder (g/min) 0–0.1
eed rate of Ti powder (g/min) 0.15–0
arrier gas Argon
low rate of carrier gas (L/min) 5
pray distance (cm) 28–35
f a cross-section of our HA/Ti composite coating. The S
mage shows that the HA and Ti grains in the composite c
ng adhered together well. Small pores and crevices were
bserved in the coating layer. Such textures were sim
bserved in all our HA/Ti composite coatings regardles

he plasma gas composition during rf-TPS.
Fig. 3shows typical SEM images obtained of chemic

tched cross-sections of the Ti-rich bottom layer in HA
omposite coatings prepared with Ar–O2 or Ar–N2 plasma
Fig. 3a and b, respectively). The characteristic lame

ig. 1. Bond strength of HA/Ti composite coatings prepared with Ar2

lasma (a) or Ar–N2 plasma (b) plotted against input power.
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Fig. 2. SEM image (a) and EDX mappings (b and c) of a cross-section of a HA/Ti composite coating prepared with Ar–N2 plasma.

structure of TPS deposits was observed in all the chemically
etched cross-sections regardless of the plasma gas composi-
tion. However, the structure at the interfaces between the Ti
splats differed significantly with the plasma gas composition.
When the coatings were sprayed with Ar–O2 plasma, crevice-
like structures were observed along the interfaces between the
Ti splats (Fig. 3a). Such microstructures were not observed
in the cross-sections before chemical etching. An acicular
texture can also be observed in magnified SEM images of the
chemically etched cross-section of a coating prepared with
Ar–N2 plasma (Fig. 3c and d).

Fig. 4 shows XRD patterns of HA/Ti composites
(HA = 27 mass%) prepared with Ar–N2 or Ar–O2 plasma.

Minute XRD peaks corresponding to tetracalcium phosphate
(Ca4P2O9, TTCP), tricalcium phosphate (Ca3[PO]4, TCP)
and calcium oxide (CaO) were apparent in all the HA/Ti
composites. In addition, a minute XRD peak ascribable to
titanium dioxide was observed in the HA/Ti composite pre-
pared with Ar–O2 (Fig. 4a), while peaks ascribable to tita-
nium nitride were seen in the composite prepared with Ar–N2
plasma (Fig. 4b). The formation of these nitride and oxide
phases was observed more clearly on Ti coatings prepared
without HA powder. The XRD patterns of plasma-sprayed
Ti coatings without HA powder, seen inFig. 5, indicate that
TiO2 (rutile phase) was formed on the Ti deposits sprayed
with Ar–O2 plasma (Fig. 5a). On the other hand, as shown in

F bottom .
M Ti-rich
ig. 3. SEM images of chemically etched cross sections of the Ti-rich
agnified SEM images of the chemically etched cross section of the
layer in HA/Ti composite coatings prepared with Ar–O2 (a) or Ar–N2 (b) plasma
layer in a HA/Ti composite coating prepared with Ar–N2 plasma (c and d).
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Fig. 4. XRD patterns of HA/Ti composite layers (HA = 27 mass%) plasma-
sprayed using Ar–O2 plasma (a) or Ar–N2 plasma (b).

Fig. 5. XRD patterns of Ti coatings (without HA) plasma-sprayed with
Ar–O2 plasma (a) or Ar–N2 plasma (b).

Fig. 5b, minute X-ray peaks ascribable to TiN or Ti2N were
observed when the coating was sprayed with Ar–N2 plasma.
Peak shifts of the titanium (1 0 0), (0 0 2) and (1 0 1) planes
were also observed inFig. 5a.

4. Discussion

Considering the low mechanical strength of HA compared
with Ti, the mechanical strength of the Ti networks in a HA/Ti
composite may significantly affect the bond strength of the
composite coating. As confirmed by SEM observation, HA/Ti
composite coatings prepared by Ar–O2 and Ar–N2 plasma
differed in their microstructure—particularly at the interfaces
between Ti splats.

As seen inFig. 3c and d, the Ti/Ti interfaces in coat-
ings prepared with Ar–N2 were compacted. On the con-
trary, crevice-like structures were observed at the interfaces
between Ti splats prepared with Ar–O2 plasma (Fig. 3a).
As confirmed by XRD measurements (Figs. 4 and 5), TiO2
formed on the Ti deposits prepared with Ar–O2 plasma.
Therefore, the crevice-like structures observed in the HA/Ti
composite coatings prepared with Ar–O2 plasma probably
formed by dissolution of the thin TiO2 layer in the corre-
sponding regions during chemical etching.

As seen inFig. 3c and d, an acicular texture was observed
in the Ti splats prepared with Ar–N2 plasma. Analogous
structures have been reported with the plasma nitriding of tita-
nium surfaces using a dc arc plasma jet to create a titanium
nitride layer.12,13 According to these reports, such acicular
textures were observed in nitrogen diffusion regions. Our
XRD patterns of Ti deposits prepared with Ar–N2 plasma
indicate that titanium nitride phases formed on the Ti deposits
(Fig. 4b). In addition, X-ray peaks ascribable to titanium
(1 0 0), (0 0 2) and (1 0 1) planes shifted to lower angles.
This implies an increase in the average lattice parameter of
�-titanium in the Ti deposits sprayed with Ar–N2 plasma,
suggesting that titanium–nitrogen solid solution formed in
the deposited Ti splats. In such solid solution, dissolved
nitrogen exists at interstitial positions in the�-titanium lat-
tice and causes deformations in the�-titanium cells.14 Thus,
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he acicular texture observed on the Ti splats sprayed
r–N2 plasma probably corresponds to the formation

itanium–nitrogen solid solution. In the present study, s
cicular textures did not appear in the Ti substrate

he coating/substrate interface—not even after pre-he
he substrate with the plasma jet for 2 min before spra
Fig. 3d). Therefore, this suggests that the titanium nitr
n the Ti particles were mainly formed in the plasma jet w

n-flight.
In general, the nitriding of a metal surface improves

echanical properties. For instance, the hardness o
ium nitrides and titanium–nitrogen solid solution is hig

han that of pure titanium.15,16 Moreover, titanium nitride
oated by reactive plasma spraying exhibit high resist
o wear.17,18This suggests that the partial nitriding of the
plats in HA/Ti composite coatings improves the mechan
roperties of the Ti networks in the HA/Ti composite a

ncreases the bond strength of such coatings.
In our XRD measurements, no evidence of the forma

f oxygen–titanium solid-solution appeared. Moreover
icrostructures indicating the formation of diffusion lay
ere observed on the Ti splats (Fig. 3a). Our SEM image

mply that the excited species in the Ar–O2 plasma reacte
nly at the surface of the Ti particles, and formed a thin T2

ayer on this surface in the plasma. Subsequently, such T
icles deposited on the Ti splats on the substrate and fo

thin TiO2 layer at the interfaces between the splats.
ormation of such a thin TiO2 layer between the Ti spla
robably reduces the mechanical strength of the Ti net

n the HA/Ti composite coatings. These SEM observat
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suggest that the significant difference in the bond strength
between the coatings prepared with Ar–N2 and Ar–O2 plas-
mas (Fig. 1) arose from the difference in the microstructure
at the Ti/Ti interfaces.

It appears that the by-products seen in the XRD patterns of
the HA/Ti composite layers (i.e., TTCP, TCP and CaO;Fig. 4)
were formed by thermal decomposition of the HA powder in
the plasma, as reported in previous studies.1–4,7,9,19Reac-
tions between HA and Ti particles contacting each other in
the plasma flame might form some titanium–calcium com-
pounds. However, no clear peaks corresponding to such
titanium–calcium compounds were observed in the XRD pat-
terns of our HA/Ti composite coatings. This implies that
the amount of by-products due to side reactions occurring
between the HA and Ti powders was undetectable and there-
fore such side reactions may be ignored.

5. Conclusions

Our results clearly revealed that the composition of the
plasma gas during rf-RPS plays a crucial role in improving
the adhesiveness of HA/Ti composite coatings. We inves-
tigated in situ reactions of Ti particles by making use of
titanium’s high reactivity in the plasma flame. rf-RPS with
Ar–N plasma allowed the formation of HA/Ti compos-
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te coatings with excellent adhesion to the titanium s
trate. Indeed, ca. 150�m thick HA/Ti composite coating
prayed at 27 kW using Ar–N2 plasma had a bond streng
f 65.3 MPa, whereas that of 150�m thick coatings spraye
ith Ar–O2 plasma at similar input power was only ab
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r–O2 plasma produced titanium nitride and titanium di

de, respectively, in titanium deposits. SEM observat
howed that the microstructures at the interfaces betwee
i splats differed drastically according to the type of plas
as used during rf-RPS. The influence of the plasma gas
osition on the microstructure of the Ti deposits in HA
omposites is likely to directly affect the bond strength
A/Ti composite coatings.
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